Summary: Amphiphilic three-armed star random copolymers were synthesized by ruthenium-catalyzed living radical copolymerization of hydrophilic poly(ethylene glycol) methyl ether methacrylate (PEGMA) and hydrophobic dodecyl methacrylate (DMA). Their amphiphilic star random copolymers with 10-50 mol% DMA efficiently self-folded in water with intramolecular hydrophobic interaction to form compact unimolecular micelles. Owing to PEG segments, star copolymers were thermoresponsive to induce lower critical solution temperature-type phase separation in water.
Introduction
Protein and enzyme form globular tertiary structures carrying specific inner spaces and cavities that drive unique functions such as selective catalysis and recognition in water. [1] The key is no doubt the self-folding of polymer chains of precision primary structure via site-specific association of the pendant functional groups. In particular, amphiphilicity of polymers bearing both hydrophilic and hydrophobic units plays an important role for the self-folding conformation in water, where the hydrophobic segments come inside to effectively induce intramolecular hydrophobic interaction for stabilization of the resulting globular structure.
Chemical crosslinking or physical association of synthetic linear polymers also gives various globular polymeric materials applicable as functional spaces: 1) microgel-core star polymers; [2] [3] [4] 2) micelles, vesicles, and polymersomes; [5] [6] [7] and 3) unimer micelles and single-chain polymeric nanoparticles (SCPNs). [8] [9] [10] The third unimer micelles and SCPNs are generally obtained from the intramolecular folding of functional and/or amphiphilic linear polymers with non-covalent (hydrophobic, hydrogen-bonding etc.) interaction and/or the intramolecular crosslinking of their linear (or folding) polymers with covalent bond. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] They are thus structurally regarded as synthetic alternatives of proteins and enzymes. More importantly, primary structure for unimer micelles and SCPNs can be controlled more precisely and designed more straightforwardly than that for the former two globular materials obtained from the intermolecular crosslinking and/or association of multi polymer chains. Namely, molecular weight, composition and sequence (random, gradient, block, alternating) of monomers (functional groups), and terminal functional groups for linear polymers can be first designed on demand with appropriate living polymerization systems and then directly reflected to those for objective single-chain compartments.
Focusing on these features, we and other groups have recently developed unimer micelles and SCPNs via the single-chain folding of amphiphilic random copolymers of a hydrophilic poly(ethylene glycol) methyl ether methacrylate (PEGMA) and a hydrophobic methacrylate with intramolecular hydrophobic and/or hydrogen-bonding interaction in water (Scheme 1c). [17] [18] [19] [20] [21] Typically, random copolymers of PEGMA and dodecyl methacrylate (DMA), synthesized by living radical polymerization, [25] [26] [27] [28] [29] [30] [31] [32] [33] undergo singlechain folding in water to be compact unimer micelles up to 40 mol% DMA content and in turn multi-chain aggregation over 50 mol% DMA. [21] The self-folding structure is reversible, i.e., unfolded by the addition of alcohol, and more mobile upon temperature, but is still maintained at high temperature (<80 o C) and concentration (< ~6 wt% Herein, we report on the self-folding of amphiphilic three-armed star random copolymers in water as a new class of unimer micelles comprising a single star polymer (Scheme 1). Owing to the branched structure, amphiphilic star random copolymers not only might possess self-folding properties distinct from previous linear counterparts [21] but also could extend the design scope of unimolecular compartments in terms of molecular weight, local density, size, folding structures, among others. Living radical polymerization with multi-functional initiators is a promising strategy to produce wellcontrolled, functional star polymers with precision arm numbers. [26] Thus, in this work, amphiphilic 3-armed star random copolymers were prepared by ruthenium-catalyzed living radical polymerization of PEGDMA and DMA with a trifunctional initiator (1) (Scheme 1a). PEGMA/DMA star random copolymers up to 50 mol% DMA efficiently self-folded with intramolecular hydrophobic interaction in water to be unimer micelles.
The folding properties were investigated in detail, compared with those for corresponding linear PEGMA/DMA random copolymers. The star polymers further showed thermoresponsive solubility in water.
Experimental Section
Materials. For the synthesis of a trifunctional initiator (1), 2-bromo-2-methylpropanoyl bromide (Aldrich, purity >98%) and 1, 
Synthesis of a trifunctional initiator (1).
In 100 mL round-bottomed flask filled with argon, 2-bromo-2-methylpropanoyl bromide (16 mmol, 1.96 mL) was added to a solution 
Results and Discussion

Synthesis of Amphiphilic Three-Armed Star Random Copolymers
Amphiphilic three-armed star random copolymers (S1-S6) were synthesized by living Figure 1 ). To investigate the effects of hydrophobic DMA content on the self-folding properties of star polymers in water, the feed ratio of PEGMA and DMA against an initiator (1) In all cases, PEGMA and DMA were efficiently and smoothly polymerized up to 83-92% conversion to give well-controlled star polymers with narrow molecular weight 
Unimolecular Folding of Star Polymers in Water
Folding properties of S1-S6 in water were investigated with multi-angle lasar light . [21] Here, the total DP (m + n = 200), monomer composition, and M w /M n for linear copolymers are almost consistent with those for S1-S6
(total DP = 210 -230), to conclude that different properties between S1-S6 and linear counterparts are attributed to the branched structure. Assuming that amphiphilic star polymers unimolecularly fold with intramolecular hydrophobic interaction in water to be compact unimer micelles, they keep their original molecular weight but may become smaller in water than those in good organic solvents such as DMF and CH 2 Cl 2 .
Based on these criteria, absolute weight-average molecular weight of S1-S6 (M w,DMF )
was first determined by SEC-MALLS in DMF (Table 1) . M w,DMF for S1-S6 was ranging from 119600 to 158600, which was almost consistent with the weight-average molecular weight (M w,calcd ), respectively calculated from the molar feed ratio of monomers to (Figure 4b ), which is attributed to the 3-armed, branched structures of S1-S5. It should be noted that S5 with 50 mol% DMA unimolecularly folds in water, whereas a corresponding linear PEGMA/DMA (100/100) random copolymer induces bimolecular aggregation in water (A H2O = 2). [21] The different folding/aggregation properties also most likely arise from the branched structure of main chains; i.e., 3-armed star polymers can fill the local space with their dodecyl pendants more effectively than linear counterparts to preferentially induce unimolecular folding with intramolecular hydrophobic interaction even at high DMA content (50 mol%).
Hydrophobicity of folded star polymers in water was examined with UV/Vis measurements of the aqueous solutions with a solvatochromic Reichardt's dye (RD). [21, 36] The pyridinium N-phenolate betaine dye induces blue shift of the UV-vis absorption originating from intramolecular charge transfer by increasing solvent polarity, typically as of RD was observed at 547 nm in H 2 O/acetone (19/1, v/v), indicating that RD was encapsulated into a folded S3 in water to reflect the inner hydrophobic environment. Such negative solvatochromic shift with S3 was larger than that with a PEGMA star homopolymer (S1: λ max = 509 nm). Thus, dodecyl pendants (n-C 12 H 25 ) of S3 in fact effectively associate to give unimolecular hydrophobic nanospaces in water.
Thermosensitive Solubility
Owing to their pendant PEG units, S1-S5 are also expected to show thermosensitive solubility in water. Thus, cloud point (Cp) of the aqueous solutions was measured by temperature-dependent UV-vis spectroscopy monitored at λ = 660 nm. Here, Cp was defined as 50% transmittance of their solutions that were heated at 1 o C/min. S1-S5
sharply -100/100), [21] demonstrating that the branched, three-armed structure is independent of PEG-based thermosensitive solubility in water. 
Conclusion
In conclusion, amphiphilic three-armed star random copolymers were successfully synthesized by ruthenium-catalyzed living radical polymerization of hydrophilic PEGMA and hydrophobic DMA with a trifunctional initiator. The star copolymers with 10 -50 mol% DMA were homogeneously soluble and unimolecularly folded with intramolecular hydrophobic interaction in water to be compact unimer micelles carrying hydrophobic domains. Owing to the branched structure, three-armed star copolymers exhibit folding properties distinct from linear counterparts in water: 1) folding star copolymers have hydrodynamic radius larger than folding linear copolymers; 2) a 40 mol% DMA star copolymer leads to the most compact structure as well as a corresponding linear copolymer; 3) a 50 mol% DMA star copolymer undergoes unimolecular folding, whereas a linear counterpart induces bimolecular association. Additionally, the star polymers 
